The G np is calculated from the solvent-accessible surface area (SASA) using the hard-sphere atomic model. The probe radius of 1.4 Å is used for the solvents. G np = γΔ SASA + β (S1)
Here γ is the surface tension and β is the offset value used to correct for the nonpolar free energy contribution. 4 If we assume that the biological systems obey a rigid rotor model, the entropic contributions are the sum of translational, rotational and vibrational entropies. The translational and rotational entropies can be calculated using the standard statistical mechanical formulas. 5, 6 For the vibrational entropy, it can be approximated using one of two methods. First, the vibrational frequencies of normal modes can be calculated at various local minima of the potential energy surface. This method is referred as nmode. 6, 7 The normal modes are calculated by the diagonalization of the Hessian matrix for highly optimized geometries. Alternatively, the eigenvalues of the mass-weighted covariance matrix constructed from every member of the ensemble can be approximated as frequencies of global, orthogonal motions. This technique is referred to the quasi-harmonic approximation. 6, 7 In our study, normal mode analyses were used. Here, two types of calculations that used by MM-PB(GB)SA are briefly discussed.
a) Single Trajectory Protocol (STP) of MM-PB(GB)SA Calculation
In this approach, all ensembles can be extracted from a single molecular dynamics (MD) trajectory of the bound DOX-DNA complexes that only simulates the complex and creates the average ensemble of the free receptor (DNA) and ligand (DOX). STP is less computationally expensive than MTP, because only a single trajectory is used to generate all three ensembles (DOX-DNA complex, DNA and DOX). In addition, the internal potential terms (e.g., bonds, angles, and dihedrals) cancel out exactly because the conformations in the bound and unbound ensembles are the same, leading to lower fluctuations and easier convergence for BFE. 1, 6 This protocol is mentioned in Fig. 2 (a) in the main text.
b) Multiple Trajectory Protocol (MTP) of MM-PB(GB)SA Calculation
In the MTP approach, each ensemble (DOX-DNA complex, free ligand DOX and unbound receptor DNA) can be simulated separately in different MD simulations. This is called the three trajectories protocol (3TP). 8 It can also be estimated from only two separated simulations, one from simulations of the complex, and the other from the free ligand or the unbound receptor. This is called the two trajectories protocol (2TP). The conformations populating the unbound ensembles typically adopt strained configurations when extracted from the bound state ensemble in STP, thereby overstabilizing the binding, compared to the MTP. 6 Performance of 3TP and STP depended on the test system and solvation model. 9 However, the 3TP approach is also more expensive in terms of computational cost and the standard error is larger. 10 The 3TP is sketched in Fig. 2 (b) .
In general, STP of MM-PB(GB)SA methods gives more accurate results than the 3TP approach. 11, 12 In our study, we adopted the STP of MM-PB(GB)SA methods to calculate free energy of intercalating DOX-DNA complexes. Further, the 2TP of MM-PB(GB)SA methods can be used to improve the accuracy of the results that calculated by these methods, 13, 14 so in the case of calculating the DNA deformation energy the 2TP approach is adopted.
II. Modeling Procedure
Since our goal is to understand the intercalation process of DOX-DNA complex at molecular level, we constructed different models of the DOX-DNA complex with two 6-base pair dsDNA. The first sequence of dsDNA is d(CGATCG) or DNA1 is selected from the structure resolved by X-ray diffraction (PDB ID:1D12), 15 while the second sequence of dsDNA is d(CGTACG) or DNA2 from another structure resolved by X-ray diffraction (PDB ID:1D11). 16 It should be mentioned that the (1D11) source contains two daunorubicin (DNR) drugs with the DNA2 sequence, so we adopted this structure by replacing DNR with doxorubicin (DOX) to construct the DOX-DNA complex for DNA2. To accentuate the important role played by analyzing energy components of total BFE in the intercalation process of DOX into DNA base pairs, we explicitly targeted three different models for each dsDNA sequence. They are DNA only, DOX-DNA with one DOX (1:1 complex) and DOX-DNA with two DOX (2:1 complex). The first two models are only DNA models from unbounded DNAs with different sequences of dsDNA obtained separately from two crystal structures (1D12) and (1D11), respectively. These two models were used as a reference model for DNA1 and DNA2. The second two models are 1:1 complexes constructed from only one DOX molecule that intercalated into DNA of each sequence. The final two models are 2:1 complexes created from two DOX molecules within dsDNA sequences in DNA1 or DNA2. For all models, nucleotides on strand 1 are labelled Cl to G6 in the 5' to 3' direction and C7 to G12 in the 5' to 3'direction on symmetry-related strand 2. The DOX molecule is numbered DOX1 in 1:1 complex models, and DOX1 and DOX2 in 2:1 complex models as shown in Fig. S1 . Each of these six structural models (M1, M2, M3, M4, M5, and M6) are appropriately solvated with water molecules and described below. 
Models:
Firstly, we take the isolated double stranded DNA1 and DNA2 structure by removing the DOX or DNR molecule and all the other bathing solution molecules from the crystal structure of PDB ID: 1D12 and 1D11, respectively. In order to solvate the DNAs, we have inserted the isolated dsDNAs into the water box of 10 Å in each direction with periodic boundary conditions by using the TIP3P model 17 in AMBER package. 18 Water box is maintained to be cubic which having dimensions of 52× 52×52 Å 3 by specifying a list of numbers to the solvateBox command through the LEaP 18 module from AMBER 11. The dsDNAs fragment has six base pairs with total charge of −10e. 10 Na + ions are added as counter ions to neutralize the system and called model M1 and M2 for DNA1 and DNA2 respectively.
Secondly, the intercalated structure of DOX-DNA1 complex is taken from PDB ID 1D12. In this case, we considered only dsDNA molecules with one protonated DOX molecule (1:1 complex), that has a molecular structure of (C27H30NO11, 69 atoms), by again removing all the other molecules to form this DOX-DNA1 complex. For solvation of DOX-DNA complex, we have used the same approach as in DNA only models.
For charge compensation, we have added 9 Na + ions in and this model is called M3. Similarly, the intercalated DOX-DNA2 complex, we have started from original source data 1D11. We should mention here that the crystal structure in initial data contains DNR instead of DOX. In this case, we replaced DNR molecule with just one protonated DOX molecule that was in 1D12. After this, all the other bathing solution molecules were removed then we have solvated according to same procedure as in previous models. The same number of Na + counter ions (9 Na + ions) as in M3 was used to neutralize the system and called model M4.
Thirdly, the DOX-DNAs complex with two DOX molecules (2:1 complexes) is constructed according to exactly same procedure applying in 1:1 complex just differ is we inserted two DOX molecules instead of one DOX molecules in DNAs. There are two protonated DOX molecules so only 8 Na + ions are needed as counter ions to neutralize the systems and are called model M5 and M6 for DNA1 and DNA2 respectively. The illustration of these six models are shown in Fig. S2 . The summary of all six models is tabulated in Table 1 . The specific purposes of using these six models are: first, to analyze the contributions to BFE of various DOX-DNA intercalating complexes though MM-PB(GB)SA methods. Second, to ascertain the changes rooted from two different sequences of dsDNA in M3 to M6 on how they can affect the BFE of DOX-DNA. Third, by comparing between M1 with M3 and M5 or M2 with M4 and M6 models to see the DNA conformational changes when DOX intercalate with DNA. We can also calculate the penalty of deforming DNA. Finally, to see how the BFE can be affected if we have two DOX molecules with different DNA sequences, or the 2:1 complex.
III. Computational Methods
The value of computational approaches using MD for investigating studies of biomolecules such as DNA and drugs-DNA complexes for a deeper understanding on the structural, dynamical and energetic properties of biomolecular systems have already been amply demonstrated. [19] [20] [21] In the following, we provide the detailed descriptions of the calculations methodology and the results obtained as applied to the six models described above.
Doxorubicin Preparation
As mentioned earlier, a free DOX molecule was taken from crystal structure (PDB ID:1D12) as in models M3 and M4, as well as for the two DOX molecules in M5 and M6. The molecular mechanics (MM) parameters for free DOX drug are obtained following the standard AMBER 11 protocol. 22 In particular, the electrostatic potential of DOX was obtained after geometry optimization using Gaussian 09 at the HF/6-31G* level. 23 The partial charges are obtained by fitting the electrostatic potential using the RESP (Restrained Electrostatic Potential) method 24 in the R.E.D. server. 25, 26 They are listed in Table S1 . Other parameters of DOX drug are taken from the AMBER GAFF 27 parameter set.
Complexes of DOX-DNA Preparation
DNA sequence plays an important role in the binding of a ligand to DNA strands. As already described earlier, the DOX-DNA intercalating complexes are constructed from the different dsDNA sequences with one DOX molecule, 1:1 complexes (M3 and M4), and with two DOX molecules, 2:1 complexes (M5 and M6). The parameters for DNA were generated using parmbsc0 force field 28 with periodic boundary conditions. As mentioned earlier, all six models were solvated in a rectangular box of TIP3P water molecules of 10 Å in each direction and by reducing the water box to be cubic which having dimensions of 52× 52×52 Å 3 by specifying a list of numbers for the solvateBox command through the LEaP module from AMBER 11. To neutralize the solvated systems, counter ions of Na + were randomly placed on grid points that had the largest positive Columbic potential around the molecule. 
Molecular Dynamics (MD) Simulations
All MD simulations for the 6 models are performed using the AMBER 11 simulation package in explicit solvent with periodic boundaries. Prior to MD simulations, we use two-stage approaches for minimization our models using the Particle Mesh Ewald (PME) 29 potential function. These minimization steps are necessary to remove possible steric clashes and adapt the systems to the chosen force field. The first stage kept the solute (DOX-DNA complex or DNA) fixed with a force constant of 500 kcal/mol-Å 2 and just optimize the positions of the water and ions, necessary to get the water and ions properly randomized. In this step, each one of the six models were first minimized for 5000 steps with steepest descent, followed by 5000 steps of conjugate gradient while keep the positions of solute fixed. In the second stage of minimization, the entire system is minimized without the restraints for additional 10000 cycles (steepest descent 5000 steps, followed by 5000 steps for conjugate gradient). After minimization, the next stage is to gradually heat our system from 0 K to 310 K for 310 picoseconds (ps) using the NVT ensemble with a 10 kcal/mol-Å 2 weak restraint on the solute (complex or DNA). Then, 0.5 ns without restraint of constant pressure of 1 bar and temperature 310 K (NPT) to allow the system to reach the proper density. The systems were then equilibrated over 3 ns using NPT ensemble through six multiple simulations, the length of each one is 0.5 ns. The following settings were activated in all of the equilibration MD simulations: Langevin dynamics for temperature scaling, 2 ps as the pressure relaxation time, long-range electrostatic interactions were calculated with the Particle-Mesh Ewald method (PME), both the direct space PME and Lennard-Jones cutoffs were set at 10 Å, the SHAKE algorithm 30 was used to constraint bond length of hydrogen atoms to avoid high-frequency motions involving hydrogen atoms, and 1 fs time step. All the minimizations and equilibration steps were conducted using the SANDER module of the AMBER 11. Finally, 30 ns NPT production run with 30 multiple MD runs was performed at constant pressure (1 bar) and temperature (310 K). The length of each independent MD production run is 1 ns. During the production run, the atomic coordinates from trajectories were saved every 2 ps for subsequent MM-PB(GB)SA analyses. All settings that were activated in the equilibration MD simulations were kept during the production run except 2 fs time step is used instead of 1 fs time step. The PMEMD program in AMBER11 was used for production MD simulations.
Principal Component Analysis (PCA) of our MD Trajectory
PCA is a standard mathematical tool that can be used to extract large-scale motions occurring in the MD trajectory, providing a brief picture of the underlying structure of atomic fluctuations by applying the dimensionality reduction method. This technique is based on the determination of a new set of collective coordinates called the principal components (PCs) or "modes" through a linear transformation of the atomic coordinates. The PCs are described as the eigenvectors of the atomic displacement covariance matrix. They represent a correlated motion of a number of atoms in a 3-dimensional space, and the corresponding eigenvalues indicate the extent of the total motion occurring in each direction. Usually, the first few principal components (PCs) are sufficient to describe the most important slow modes of the total motion observed during the dynamic, which are related to the functional motions of a biomolecular system. 31 PCA has been widely used to study the intrinsic motions of various biomolecular systems such as nucleic acids 32 and proteins. 33 In the present study, PCA was performed with R software using the bio3D package. 34 We applied PCA to the heavy atoms of the DNA and DOX in order to investigate and compare the functional motions of DNA-free and DNA-bound complex. Our PC analysis based on Cartesian coordinates. The trajectory snapshots were extracted from MD production runs for whole 30 ns, so we have 15000 snapshots for each model. The total number of atoms that included in PCA analysis is various in three different situations of each DNA sequence (free DNA, 1:1 complex and 2:1 complex). A total of 240 atoms were included in the analysis of free DNA in both sequences, resulting in 720 PCs. In 1:1 complex case for both sequences, a total of 279 atoms were adopted in the analysis, resulting in 837 PCs. While in 2:1 complex case, 318 atoms were included in the analysis, resulting in 954 PCs.
Fig. S3
: Scree plot for principal component analysis on the MD coordinate data of three different environments (free DNA, 1:1 complex, 2:1 complex) of (a) three situations of DNA1 sequence and (b) three situations of DNA2 sequence. The magnitude of each eigenvalue is expressed as the proportion of the total variance (mean-square fluctuation) captured by the corresponding eigenvector. Labels on each point indicate the cumulative sum of variance accounted for by a particular eigenvector and its preceding eigenvectors.
Fig. S4:
Projection of MD simulations with three different environments (free DNA which represents by black circle , 1:1 complex which represents by red circle, and 2:1 complex which represents by blue circle) onto the corresponding first, second and third PC modes from the principal component analysis (PCA) of (a) the three situations of DNA1 sequence (M1 is free DNA, M3 is 1:1 complex and M5 is 2:1 complex), (b) the three situations of DNA2 sequence (M2 is free DNA, M4 is 1:1 complex and M6 is 2:1 complex).
Fig. S5:
Residue-wise loadings for the first three principal components of three different environments (free DNA which represents by black line, 1:1 complex which represents by red line, and 2:1 complex which represents by blue line) for (a) the three situations of DNA1 sequence (M1 is free DNA, M3 is 1:1 complex and M5 is 2:1 complex), (b) the three situations of DNA2 sequence (M2 is free DNA, M4 is 1:1 complex and M6 is 2:1 complex). The dashed lines are used to separate DNA's and DOX's atom numbers.
Geometrical Parameters for Distinguishing DNA Conformation
There are various parameters to describe helical geometry of the dsDNA including six local base-pair parameters, six local base pair-step parameters and four local base pair-axis parameters in a Cartesian coordinate system (X: short axis of paired base plane, Y: the long axis of paired base plane and Z: the DNA helix direction). The six base pair parameters are defined as the deviation of one base with respect to its paired one. Three of them are shear, stretch and stagger which describe the translational deviations from ideal base pair geometry. The other three are buckle, propeller and opening which defined as rotational deviations from ideal base pair geometry with respect to X, Y and Z axis respectively. The deviation of two successive base pairs from their ideal geometries with respect to each other is called the base pair-step parameters that include translational deviations (Shift, Slide and Rise) and rotational deviations (Tilt, Roll and Twist). The four local base pair-axis parameters (X-displacement, Y-displacement, inclination, and tip) depict the position and orientation of a base-pair relative to the helical axis, defined here by the repetition of a two-base-pair unit. Because we expect that there are specific changes in DNA conformation accompany the intercalation, our special interest lies at intercalation sites of DNA. Based on the previous observations from X-ray structures 15, 16, 35, 36 which indicated that there was an increase in the rise parameter of DNA of about 4.1 Å per each intercalation site of drug, and also significant increase in buckle parameter for base pair above and below the intercalator. These two important geometrical parameters rise and twist of the dsDNA were thoroughly analyzed using 3DNA program. 37 Sugar-phosphate backbone and glycosyl torsion angles as shown in Fig. S6 and sugar conformations were also tested using 3DNA program.
Fig. S6:
The backbone and glyosidic torsion angles in a unit nucleotide. 38 The torsion angles along the backbone of the oligonucleotide in 3DNA program are defined as 37 :
P is the phase angle of pseudorotation of the sugar ring.
For identifying the global structural features, we focus only on the hydrogen bonds (HBs) between the drug and DNA which are identified by using the HBonds plugin in VMD. 39 In general, there would be a HB between an electronegative atom (the donor, D) and another electronegative atom (the acceptor, A). In this study, the HBs are counted as those within the 3.5 Å distance cut-off and 25° angle cut-off. For HBs within DNA base pairings, 3DNA program can be used for the purpose of achieving the Watson-Crick (WC) base pairs which are three HBs for each C-G base pairing and two for each A-T base pairing. Thus, the total number of HBs for this dsDNA hexamer is 16 in the standard B-type DNA. In this study, the average coordinate structure with respect to each modeled system is extracted from the whole simulation range (30 ns). Here, our goals are firstly investigated the B-form of our models for DNA-only as in M1 and M2 by comparing their parameters (e.g., torsion angles, rise and twist parameters) with parameters of B-DNA form. 40 Then, the structural changes of DNA when mono or double intercalated by DOX are compared with reference models (M1 and M2). Furthermore, our results of DNA conformations from models 5 and 6 can be used to compare with the available parameter values from both sources (1D12 and 1D11) as well as the validation of the AMBER force field of DNA and drug from these comparisons.
Free Energy Calculations
After MD simulations, snapshots were taken for every 10 ps from 0 to 30 ns, so 1500 snapshots were extracted for post-process binding free energies using MM-PB(GB)SA methods. BFE calculations by MM-PBSA or MM-GBSA methods were performed using the MMPBSA.py module of AMBER 11. 6 They are described succinctly in the following four subsections: a) MM-PBSA method, b) MM-GBSA method, c) Entropy calculations, d) Binding free energy corrections.
a) MM-PBSA Method
In MM-PBSA approach, the following setting are used to calculate the BFE of drug-DNA intercalating complexes: the value of an exterior dielectric constant was set to 80 while for solute dielectric constant was set to 1, the MM-PBSA surface tension (γ) and the non-polar free energy correction term (β) were set to 0.00542 kcal/mol-Å 2 and 0.92 kcal/mol, respectively according to the PARSE and mbondi2 sets. 4
b) MM-GBSA Method
The model developed by Onufriev et al. (GB OBC which GB=2) 41 was used as GB model in this study. By the antechamber program in AMBER11, the mbondi2 radii set was prepared. The default setting of MM-GBSA surface tension (γ = 0.005 kcal / mol Å 2 ) and the non-polar free energy correction term (β = 0) were applied. The value of an exterior dielectric constant was set to 78.3 and for solute dielectric constants was used 1 as in MM-PBSA method.
c) The Entropy Calculations
The normal mode analysis was used to evaluate the solute entropic contribution of DOX-DNA complexes. In the normal-mode analysis, the conformational entropy change (-TΔS) upon binding DOX to DNA was estimated using the nmode program through MMPBSA.py module of AMBER 11. 6, 18 Due to the limitation of computationally expensive normal-mode analysis, we only considered the residues within a 12 Å sphere centered at the ligand, and these residues were retrieved from an MD snapshot for each DOX-DNA complex. Then, each structure was fully minimized for 10000 steps using a distance-dependent dielectric of 4r ij (r ij is the distance between two atoms) to mimic the solvent dielectric change from the solute to solvent. To reduce the computational demand, 150 snapshots were taken from 0 to 30 ns to estimate the contribution of the entropy to binding. The final conformational entropy was obtained from the average over the snapshots.
d) Binding Free energy Corrections
For comparing our present results of the intercalation BFE with experimental result from Chaires and co-workers 42 for DOX-DNA intercalating complexes, three necessary corrections of the BFE are described here.
The DNA structure is usually stable B-form conformation before binding with DOX. After the binding, this B-form conformation can deform due to the generation of the intercalation site, which is the first step in the binding process of each intercalator. Unlike the undisturbed DNA (B-form of DNA), the creation of intercalation site causes a doubling of the base-base distance. Therefore, the DNA deformation penalty is a significant term for corrected binding free energy, and this part is the first correction that should be incorporated to estimate correct binding free energy. The BFE without any corrections is denoted as ∆G uncorrected . The DNA deformation energy is not related to MM-PB(GB)SA method, but it is arising from the fact that DNA deformation energy is indispensable in the calculating of the intercalation binding process. In our present study, this DNA deformation penalty can be computed by subtracting the energy of bounded DNA (only DNA energy from complex without ligand) and energy of unbounded B-form DNA using MD simulations. Then, the corrected binding energy of a bound DOX-DNA complex was obtained by adding this DNA deformation energy to the uncorrected BFE from MM-PB(GB)SA methods.
The second of these corrections is to a standard one to account for drug concentration. In the dilute concentration limit, the standard free energy to form an AB particle from binding of a particle A to particles B is 43 :
Where R is the gas constant, T is the temperature in Kelvin (310 K in our case), K AB is the binding constant, C 0 is the standard concentration (1M), and the C i 's are the concentration of respective species. Here A denotes the drug (DOX) and B denotes the DNA-binding site which is equal to the number of base pairs divided by the binding site size (base pairs per bound drug), which is approximately 3 base pairs for DOX. 16, 36 Thus, C A and C AB cancel each other and a net difference in binding free energy seems from C B and C 0 concentrations. 44 This correction should be subtracted from our results that calculated by MM-PB(GB)SA approaches.
The third correction comes from the dependence of the intercalation BFE on the ionic concentration of the solution. From experimental study by Chaires et al. 42 , the binding constant (K AB ) in the last term of Eq. (S2) was used to calculate the binding free energy. The salt dependence of the binding constant (K) can be obtained from the slope 45 :
where [Na + ] is the positive ion concentration. The salt dependence of the binding constant S can be used to evaluate the ionic contribution ΔG ion to the standard free energy ΔG 0 at a given salt concentration by the relation 42, 45 :
The difference between the standard free energy and ΔG ion defines the binding free energy, ΔG t , that is defined the nonelectrostatic free energy contribution, referring to a standard state of about 1 M monovalent salt. 46 This means ΔG ion equals zero and not dependent on salt concentration and is given by the relation 38, 41 :
Form this experimental study at [Na + ] = 0.016 M and T = 293.15 K, they found that S of DOX is equal -0.97, ΔG ion = -2.3 kcal/mol, ΔG 0 = -9.98 kcal/mol and ΔG t = -7.7 ± 0.3 kcal/mol. 42 Also, they found ΔG ion = -1 kcal/mol at 0.2 M of NaCl and T = 293.15 K. 46 In our present study for the analysis of ionic concentrations dependence, the calculations of intercalation BFE were firstly accomplished at 0.1, 0.15, 0.2, 0.25, 0.5 and 1.0 M theoretical ionic concentrations by MM-PB(GB)SA methods. Then, the dependence of ionic concentration of BFE, ΔG ion , is calculated as the difference between the free energy at specific ionic concentration and the free energy at 1 M ionic concentration, when ΔG ion = 0 according to Eq. (S4). Further, it can be compared the calculated value of S in our study with experimentally values 42 and other theoretical predicted values, 45, 47 salt dependence of the binding constant (K), by using following procedure: first finding the standard BFE by considering the first two corrections into the calculated BFE by MM-PB(GB)SA methods which these two corrections are arising from the DNA deformation energies and a standard drug concentration effect, then by straightforward application of thermodynamic Eq. (S2) to find the corresponding binding constant, K, and then find S by applying Eq. (S3). These procedure's steps are necessary to be reasonably compared our present results with corresponding values from experimental study by Chaires et al. 42 because of the difference in the calculating of the DOX intercalation free energy with respect to change ionic concentrations experimentally, and in the present MD simulations.
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